The neurogenic genes of Drosophilu act during many different times and places during development. It is thought their role is to repress cell fate within a group of equivalent cells and thus allow the singling out of discrete numbers of precursors. Amongst the genes at the neurogenic locus, Enhcmcer oJ'sp/it is a family of seven related genes that encode proteins containing the basic helix-loop-helix motif characteristic of transcriptional regulators. Previous functional analyses of these genes have relied on deletions which eliminate many other genes. We have ectopically expressed two of the Enhuncer of'split basic helix-loop-helix genes, m.5 and m8, to test their effect on the determination of the precursor cells of adult sensory organs. Ectopic expression of 1r1.S or m8 before bristle precursor division results in loss of sensory bristles from all parts of the adult fly. Ectopic expression after bristle precursor division produces bristles with aberrant cuticular structures. We have also tested the effect of reducing Enhuncw of'split gene function using mitotic recombination and show that this de-represses the neural fate and produces supernumerary sensory bristle neurons. We conclude that the Enhuncer qf'split basic helix-loop-helix genes inhibit neural fate during the selection of neural precursors, and that they also play a role in restricting the neuronal fate to one of the four progeny cells of the bristle precursor.
Introduction
The ability of neighbouring cells to influence each others development is one of the fundamental mechanisms of achieving cellular diversity during the development of higher animals. In many instances in Drosophila, cellular interactions are primarily responsible for cells adopting fates which are suitable to their time and place during development. These interactions include inductive effects, such as the ability of the photoreceptor R8 precursor to induce a neighbouring cell to adopt the R7 fate (Zipursky and Rubin, 1994) or repressive effects, such as the lateral inhibition of surrounding precursor cells by a single primary precursor cell (Sternberg, 1993) . The 'neurogenic' genes appear to be particularly important for these repressive interactions and may define a common pathway which ensuresthese decisions are made properly (reviewed by Campos-* Corresponding author, Tel.: +44 171 5945290; Fax: +44 171 5945291.
'Present address: Department of Genetics, University of Leicester, Leicester, UK Ortega, 1993) . For example, the Enhancer of' split (E(spl)) locus functions during Drosophila embryonic neurogenesis for the proper segregation of neural and epidermal precursors. Deletions for the locus appear to act in the same way as mutations of the other neurogenic genes by disrupting this choice of cell fate so that too many cells adopt the neural fate at the expense of epiderma1 precursors (Lehmann et al., 1983) . Within the E(spl) locus, two classes of genes have been examined in detail: one is a family of seven genes encoding basic helix-loop-helix (bHLH) proteins (Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) and the second is a single gene, groucho, which encodes a protein containing the WD40 repeat motif . Of all the genes at the locus, grouch0 is the only one that mutates to produce a neurogenic phenotype Klambt et al., 1989) . The molecular action of grouch0 is unclear, though a functional analogy has been drawn with another WD40 repeat protein, yeast TUPl, known to mediate transcriptional repression in association with sequence-specific DNA binding proteins (see in Tata and Hartley, 1993; Paroush et al., 1994) . The presence of the bHLH motif in proteins encoded by the seven related genes of the E(sp1) complex (m3, m.5, m7, m8, mA, mB and mC -the last three are also known as m@, my and ma; Delidakis and Artavanis-Tsakonas, 1992; Knust et al., 1992) implies that these proteins are capable of specific DNA binding and transcriptional regulation as is the case for other bHLH proteins (reviewed in Carrel1 and Campuzano, 1991) . Indeed, E(spl)m8 protein has been shown to bind specific DNA sequences in vitro (Tietze et al., 1992) . Functional genetic analyses of individual E(spl)bHLH genes has not been possible since the only available mutations hitherto have been deletions ranging in size from tens to hundreds of kilobases, including many other linked genes Klimbt et al., 1989) . However, studies using combinations of these deficiencies with transformed genomic fragments (Dehdakis et al., 1991 have suggested that both gro (particularly through its maternal contribution) and the E(spl)bHLH genes function in embryonic neurogenesis. In addition, there appears to be a functional overlap between E(spl)bHLH genes. For example, it is possible to produce viable flies lacking both the E(spl)m7 and E(spl)m8 genes, suggesting that the other five homologous genes are sufficient to compensate for their absence in a 'redundant' fashion (Dehdakis et al., 1991 . These data are consistent with the failure to isolate single mutations in any of the individual bHLH genes, with the exception of E(spl) D, a neomorphic mutation coding for a truncated form of E(spl)m8 (Kllmbt et al., 1989) . This lack of mutants has made it difficult to dissect the individual roles of E(.spl)bHLH genes such that most of the available data on their function relies upon the interpretation of mutant phenotypes from deletions, often large in size.
The naming of the neurogenic genes refers to their role in balancing the number of neuroblasts which contribute to the larval central nervous system (Lehmann et al., 1983) . However, since then, particularly through the use of conditional mutants, it has become apparent that they function in a large number of developmental contexts, including myogenesis, oogenesis, the development of the compound eye and the formation of sensory bristles on the cuticle of the fly (Cagan and Ready, 1989; Hartenstein and Posakony, 1990; Corbin et al., 1991; Ruohola et al., 1991; Xu et al., 1992; Bate et al., 1993) . The precursors of the adult sensilla arise within imaginal discs or histoblasts from a cluster of equivalent cells called a 'proneural cluster' (Simpson, 1990) . Notch and Delta are required to restrict the development of the sensillum to a single sensory mother cell (SMC) which (at least in the case of the notum bristles) divides twice to yield the four cells that differentiate to produce the cuticular structures of the bristle as well as its underlying mechanosensory neuron (Hartenstein and Posakony, 1989) . So, for example, temperature sensitive mutants of Notch lead to the formation of excess sensilla, whereas genetically engineered gain of function mutants eliminate bristles (Hartenstein and Posakony, 1990; Struhl et al., 1993) . A molecular representation of this 'lateral inhibition' thought to be mediated by the neurogenic genes can be seen in the restriction of expression of genes of the achaete-scute complex (AS-C), which are initially expressed in all cells of the proneural cluster but continue to be expressed only in the SMC (Cubas et al., 1991; Skeath and Carroll, 1991) . In the embryo, and in the wing imaginal disc, the E(spl)bHLH genes are expressed in a complimentary fashion in cells which are not destined to be neuroblasts or SMC Tata and Hartley, 1993; Hinz et al., 1994; Singson et al., 1994; Jennings et al., 1994) . These observations have led to the notion that the E(spl)bHLH genes might be repressing the neural fate of the remaining cells of the proneural cluster, perhaps by antagonising AS-C expression or function. However, since mutants deleting individual E(spl) bHLH are viable, this has been impossible to test using traditional genetic means. Therefore, we have sought to use ectopic expression in order to characterise the function of individual E(sp1) bHLH genes in well understood developmental contexts. In this paper, we demonstrate the effect of ectopic expression on the fate of imaginal cells by using the GALA-UAS inducible expression system. We also look at the effect of reducing E(spl)bHLH function in mosaic animals with patches of the epithelium homozygous for a small deletion.
Results

Phenotypes produced by ectopic expression of E(spl)bHLH genes
In order to test the effect of the E(spl)bHLH genes on cell fate determination, we used the GALCUAS system of Brand and Perrimon (1993) . Protein coding sequences of E(spl)mS and E(spl)m8 were cloned downstream of UAS (Upstream Activation Sequence) elements and the recombinant plasmids used to generate transgenic fly lines which we refer to as UAS-m8 and UAS-m5. Expression of E(spl)mS or m8 is then only activated by mating the UAS lines to fly strains expressing GAL4 in various patterns. In this paper, we describe results obtained upon ectopic expression achieved by mating UAS-m8 to a fly strain bearing a hsGALA transgene and then subjecting the progeny to heat shocks. Though this method does not take advantage of the spatial-control of driving transgene expression afforded by this technique, it has allowed us to control the timing of ectopic protein production and so test its effect at different stages of sensillum development. This is of interest as the function of two other neurogenic genes, N and Dl, is required both during SMC determination and during the assignment of cell fate amongst the progeny of the SMC (Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993) . Furthermore, the additional amplification afforded by this two-step heat shock protocol appears to result in more penetrant phenotypes, presumably reflecting greater induction. In order to be sure that our constructs were being properly induced, we monitored E(spl)bHLH expression in larval wing discs after induction by in situ hybridization. In contrast to the wild type expression pattern (see Hinz et al., 1994; Singson et al., 1994) , we observed signal throughout the disc, suggesting that the induction was indeed ubiquitous and efficient (data not shown).
Two heat pulses of 45 min applied to hsGAL4:UAS m5 or UAS-m8 animals during early pupal development, 8-24 h after puparium formation (APF), produce adult flies displaying a variety of bristle phenotypes. These phenotypes can be divided into two categories. The first is an apparent bristle organ loss in which there is an absence of the cuticular structures of the bristle, the socket and shaft (Figs. 1 B, 2A, 3B and 5). The degree of bristle loss reflected the severity of the heat shock regime employed (data not shown). Most parts of the adult body appeared to be sensitive to this bristle loss phenotype, though not all to the same degree. For example, while virtually all bristles of the notum and abdomen can be deleted by appropriate heat shock regimes, there is only a mild reduction (about 10%) in the number of interommatidial bristles (data not shown). The second category of bristle phenotypes consisted of a number of different aberrant cuticular structures appearing at wild type bristle positions. These included double sockets with no bristle shaft, empty sockets with no shaft, split bristle shafts, multiple shafts in a single socket and stunted or deformed bristle shafts (Figs. lB, . The macrochaetes of the head, notum and proximal wing margin were particularly prone to the double socket phenotype as were the bristles of the femur and tibia.
Comparison of the two categories of phenotypebristle loss and aberrant bristles -suggests that they may result from exposure to ectopic m5 or m8 at different stages of bristle formation. That is; the early ectopic gene expression might disrupt bristle precursor development, whereas the later ectopic expression might result in abnormal accessory cell determination or differentiation. To test this interpretation, we analysed the phenocritical period for these two categories of bristle phenotype. In all cases, earlier heat pulses of pupae produced bristle loss whilst later heat pulses produce aberrant cuticular structures. For example, heat pulses at 12 h APF delete most cuticular bristle structures from the femur and tibia of the legs ( Fig. 2A) , whereas the same heat pulses started at 15 h APF delete few, if any, bristles from these segments but rather produce a high frequency of bristles with a double socket phenotype (Fig. 2B) . On the wing margin of a hsGALMUAS-m8 animal, there is a decrease in the overall number of stout mechanosensory bristles and of those remaining many are defective: a stout mechanosensory bristle with an enlarged socket and stunted bristle shaft (large solid arrow); bristle with two shafts (small solid arrow). Some chemosensory bristles are also deformed (open arrow) though they are out of focus in this preparation. Note too that the wing vein of the margin (Ll) is uneven and does not run parallel to the edge of the wing as in (C). (E) Scanning electron micrograph of the head of a hsGALQ/UAS-m8 fly. The view is of a small area in between and posterior to the ocelli (oc) and shows a variety of aberrant bristles: a macrochaete with no shaft but a shell-like structure which appears to be composed of two sockets (large arrow); there are two microchaetes with an empty socket missing the bristle shaft and one microchaete with the bristle shaft split into three (small arrow). (F) Proximal costa of the wing from a hsCALQ/UAS-m8 animal. About half of the macrochaetes have developed with double socket structures (arrow) and no bristle shaft. Shown are the femurs of the second leg from hsGALNL/ASm8 animals given two heat pulses of 40 min at 38°C with a 90 min rest at 25°C. In (A) the heat shocks were started at I2 h APF and most of the sensory bristles have been deleted, whereas in (B) heat shocks started at I5 h APF result in a strong double socket phenotype (an example is marked with an arrow). hsGALUUAS-md notum, stained at 34 h APF, showing very few labelled neurons (small arrow) and demonstrating that the loss of microchaete cuticular structures seen in (B) is accompanied by a loss of microchaete sensory neurons.
Loss of cuticular bristle structures is accompanied b? loss of sensory neurons
In an effort to understand the cellular basis of the bristle loss phenotype, our analysis concentrated on the microchaetes of the notum as their development has been well characterised by Hartenstein and Posakony (1989) . Microchaetes of the notum consist of four cells which are clonal descendants of a SMC, as well as a glial cell whose lineage is not known. The SMC, or primary precursor (PI), divides at about 15 h APF to produce a pair of secondary precursors one of which, pIIa, divides at 17 h APF and gives rise to the shaft-forming cell (trichogen) and socket cell (tormogen) whilst the other precursor, pIIb, divides at 18-I9 h APF to produce the neuron and an associated cell (thecogen).
Induction of UAS-m5 or UAS-m8 expression in pupae between 8-14 h APF resulted in a bristle loss is not uniform. The ordinate shows the frequency of bristle loss for each of II macrochaetes on the dorsal thorax. Bristles were scored on the right hand hemi-notum of hsGAL4KJASm8 males which had been given three heat pulses at 4.5 h BPF. n = 46. Control hsGal4/+ flies had no loss of macrochaetes. Macrochaete abbreviations are as in Huang et al. (1991). phenotype in the adult flies. In principle, this cuticular phenotype could be due to one of several causes: (a) an inhibition of SMC selection or maintenance leading to the absence of all four microchaete cells; (b) normal SMC selection but a subsequent defect in the specilication or differentiation of the trichogen and tormogen cells (which produce the external structures of the microchaete) whilst the neuron and thecogen develop normally; (c) a fate transformation (e.g. pIIa to pIIb) leading to the development of supernumerary neurons or thecogens at the expense of trichogen and tormogen cells. To test these possibilities, MAb 22ClO was used to assess the number of neurons and accessory cells present in the developing nota of pupae exposed to ectopic E(spl) bHLH expression. MAb22C 10 recognises a neuronal epitope (Zipursky et al. 1984) and also weakly stains the non-neuronal accessory cells of the developing bristle organ (Hartenstein and Posakony, 1989) . Pupae were heat-shocked at 10 h APF, left to develop until 30-36 h APF and the dissected nota then stained with Mab22ClO (Fig. 3) . The number of neurons in nota of UAS-m8hsGAL4 pupae is greatly reduced as compared to control hsGAU/+ animals (compare Fig. 3C and D) . This reduction in the number of staining cells correlates well with the loss of cuticular structures seen in sibling animals allowed to develop to adulthood (compare Fig.  3B and D) . Furthermore, the correspondence between degree of bristle loss and loss of Mab22C 10 staining also holds for milder heat pulse regimes which delete fewer microchaetes (data not shown). These results demonstrate that it is not only the external structures of the microchaete that fail to arise but also the internal neurons. Since Mab22ClO also stains the non-neuronal accessory cells, we were also found that these cells were similarly eliminated, whenever the neuronal staining was absent implying that there was no abnormal differentiation of the trichogen and tormogen cells, although the weakness of staining of these cells does not allow us to be totally definitive.
Ectopic expression eliminates Al01 expression
The data of Usui and Kimura (1993) suggested that most SMCs of notum microchaetes arise between 8-12 APF, as judged by the onset of P-galactosidase expression in the enhancer trap line Al01 (an insertion adjacent to the neuralised gene) which labels SMCs and their progeny (Huang et al., 1991) . We found that the phenocritical period during which UAS-m5 and UASm8 produced bristle loss was between 8 h and 14 h APF. Furthermore, since microchaete SMCs divide at 15 h APF, this suggests that this effect of ectopic m5 and m8 is at the level of SMC specification or maintenance. To further support this, we monitored the effect of the E(spf)bHLH genes on Al01 expression in hsGAL4. UAS-m8 pupae after heat pulsing at 9 h APF, prior to the division of the SMCs. These pupae were left to develop and then dissected and stained at either 17, 20 or 24h APF. In all cases, the ectopic m8 expression resulted in a reproducible and irreversible elimination of sensory precursors, even at the earliest time we looked after heat pulsing when most of the control staining was in single SMCs (Fig. 4) . This phenotype was directly comparable to the microchaete loss found on sibling animals which had been allowed to develop.
Macrochaetes of the notum are sensitive to E(spl)md
Most work on cell fate determination during sensory organ formation has focused on the macrochaetes of the notum owing to the excellent fate map of the late third instar wing imaginal disc (Bryant, 1975) . The macrochaetes of the notum develop from precursors which arise during the period 30 h before puparium formation (BPF) to 5 h APF (Huang et al., 1991) . In order to discover the effect of ectopic E(spl)m8 expression on these precursors, we applied heat shocks to late third instar hsGAL4/UAS-m8 larvae. The phenotype was less penetrant, probably due to the relatively long period over which the precursors of the different macrochaetes arise, but there is a marked loss of notum macrochaetes (Fig. 5) . Heat shocks applied at this time also inhibit the formation of other sensilla whose SMCs are known to be born during this period. For example, heat shocks at 4 h BPF deleted, to a variable extent, campaniform sensilla of the anterior crossvein and the third wing vein (L3-2) as well as a number of chemosensory bristles on the wing margin (data not shown). The loss of particular notum macrochaetes was not uniform, some were more sensitive to heat pulses applied at a particular developmental time (Fig. 5B ) which raises the possibility that different precursor cells have different sensitivities to inhibition by E(spl)m8.
Reduction in E(spl) function leads to the development of supernumerary neurons
Our experiments showed that ectopic expression of two members of the E(spl)bHLH family during adult sensillum development leads to loss of sensory organs, as a result of perturbing precursor cell development. Based upon these data and by analogy to the phenotype of temperature sensitive alleles of Notch and Delta, we predicted that reduction in E(spl) bHLH function would lead to the opposite effect, namely derepression of sensory organ precursor development. This experiment is not easily done since deletions for individual E(spl)bHLH genes have no phenotype, however, we tested this by inducing mitotic recombination in larvae heterozygous for a deficient allele of the E(sp1) locus to produce clones of cells homozygous for null mutations of some of the bHLH genes. The allele we used was E(sP~) Bx22, the smallest E(spl) deficiency, which has a fully penetrant embryonic neurogenic phenotype due to a 14-kb deletion removing six genes including grouch0 and three of the bHLH genes: m.5, m7 and m8 . We used the FLP-FRT strains developed by Xu and Rubin (1993) to induce mitotic recombination in larvae heterozygous for E(spl) Bx22, Clones of homozygous mutant cells induced during the first larva1 instar lacked sensory bristles over single large patches of the notum (data not shown). Recombination induced in late second or early third instar larvae resulted in a similar phenotype, but with numerous small areas of the notum devoid of bristles (Fig. 6B) , consistent with the shorter time of development remaining in which these clones were able to proliferate. We interpret these patches devoid of macrochaetes and microchaetes to be clones homozygous for E(spl) Bx22. In other experiments where heterozygous cells were marked with the dominant mutation Stubble, we never observed wild type bristles on the notum, implying that homozygous E(sp1) Bx22 cells cannot form bristles (data not shown). On first inspection, the phenotype of these clones might appear paradoxical if E(spl)bHLH function is required to restrict the number of cells that become bristle precursors. That is, there should be supernumerary bristles produced in such clones. However, if E(spl)bHLH function were also required for the correct specification of SMC daughter and granddaughter cells, then all the cells of the sensilla would develop as neurons (the default fate). This would be analogous to the phenotype of temperature-sensitive alleles of N and DI (Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993) whereby heat pulses applied 12-24 h APF caused a simultaneous loss of the cuticular bristle apparatus and the appearance of supernumerary neurons. In order to assess the subepidermal phenotype of the bristle-loss patches, recombination was induced in early third instar larvae that were then allowed to develop until 30 h APF when nota were dissected and stained with MAb22ClO. The nota from such an experiment display regions of neural hyperplasia with several neurons present at each bristle organ site, as seen by the multiple cell bodies and axons labelled by Mab22ClO (Fig. 6D) . The regions of neuronal hyperplasia are similar in size and distribution to the areas devoid of bristles on the notum of sibling animals allowed to develop to adulthood. Whilst it is not possible to score the exact number of neurons present at each microchaete site in these preparations, there are clear differences in the degree of neuronal hyperplasia. There are some areas in which there are a few neurons [3-41 at a single site (Fig. 6E, open arrow) which presumably result when a single SMC is selected as normal but most or all of its' progeny adopt the neuronal fate. In other instances, there are many more neurons clustered together (Fig. 6E, arrowhead) . In these cases, it appears that several SMCs arose at the site of a prospective bristle and all or most of their progeny adopted the neuronal fate, thus resulting in a high density of neurons. In addition, we failed to see the weaker staining nonneuronal cells at sites where we observed clusters of hyperplasic neurons, implying that these cells had instead developed as neurons. 
Other developmental consequences of manipulating E(spl)bHLH expression
The phenotypic consequences of perturbing neurogenic gene function are not limited to the development of sensilla. Just as is seen with lack of function and gain of function Notch and Delta alleles, we found that E(spl)bHLH mis-expression also affected wing vein formation (Fig. 7) . This is consistent with the requirement for neurogenic gene function in the selection of vein versus non-vein cells (Garcia-Bellido and de Celis, 1992) . Ectopic expression in pupae (between 15-20 h APF) produced gaps in wing veins (Fig. 7B) . Conversely, we observed extra wing vein material on the wings of flies which had clonal patches mutant for E(sp1) Bx22, produced by mitotic recombination of during larval development (Fig. 7C) . In addition to defects in the wing, clonal patches homozygous for the deletion had very roughened and scarred eyes with highly disorganised ommatidia (data not shown).
3. Discussion 3.1. Ectopic E(spl)bHLH expression inhibits the development of sensory organs Using the GALCUAS system to target expression to imaginal tissue, we have shown that E(spl)bHLH m8 and m5 can inhibit the formation of bristles all over the fly. In principle, there are a number of ways this can happen. For example, the precursor cells might fail to be determined, they might differentiate abnormally or they might die. Our data suggest that inhibition can occur both at the level of abnormal determination and at the level of abnormal differentiation. Three lines of evidence suggest that cell fate determination is inhibited. First, ectopic expression prior to the division of the precursor cell leads to the abolition of the bristle in the adult. Secondly, ectopic expression prior to the first SMC division also leads to the abolition of cells in the pupal notum which stain with the antibody Mab22ClO (pri- marily the neuron but also the trichocogen and tormogen at this stage). Thirdly, ectopic expression leads to the abolition of staining of the neuralised marker, A 101 in single cells corresponding to the SMC. Similarly, our data suggest that differentiation of the precursor cells and the sensory organ cells themselves are inhibited by ectopic expression of E(spl)bHLH genes. This is because ectopic expression after the division of the notum microchaete SMCs led to abnormal bristles, primarily with empty sockets but also duplicated bristles or bristles with abnormal morphology.
What happens to the cells exposed to ectopic E(spl)bHLH expression? In some cases, we have observed double socket phenotypes reminiscent of loss of function Hairless alleles or ectopically expressed Suppressor of Hairless which give rise to accessory cell transformations (Bang et al., 1991; Schweisguth and Posakony, 1994) . However, in the majority of cases we see an absence of cell types, rather than cell type transformations. It is unlikely that ectopic expression leads to cell lethality given the fact that induced expression is so widespread, and given our failure to detect abnormal staining patterns (such as abnormal cell shapes or stalled growth cones of the neurons). Instead, we feel that these cells are inhibited from developing in their normal fashion and once relieved from this inhibition (by decay of ectopic protein) have lost their opportunity to develop normally according to their position in the imaginal epithelium, because of the absence of necessary inductive cues. This hypothesis is consistent with the phenotype of flies expressing engineered gain of function Notch molecules. For example, generalised ectopic expression of activated N, created by deletion of the extracellular domain, produces wing vein gaps, loss of notum microchaetes and double sockets at sites of macrochaetes , whilst in the notum, clones of cells expressing activated N fail to produce sensory bristles (Struhl et al., 1993) . Furthermore, in the developing eye imaginal disc, activated N blocks the development of all photoreceptors, despite the presence of normal cellular cues (such as the sevenfess tyrosine kinase signal transduction pathway; Fortini et al., 1994) . Given the similarity between the lethal-embryonic phenotype associated with deletions of the E(spl) locus and all other null mutations of the neurogenic loci, it has long been proposed that the genes at this locus form part of a signal transduction pathway which regulates the commitment of cells to particular fates. The data shown here demonstrating a functional similarity between activated N phenotypes and phenotypes from ectopic expression of E(spl)bHLH m5 and m8 strongly supports the notion that these genes are part of the same pathway.
Furthermore, since ectopic expression of the normal forms of E(spl)bHLH genes is sufficient to mimic the N gain of function phenotype, it suggests that this expression per se is sufficient for the functioning of the Notch pathway to inhibit the commitment of cells to a particular fate. This is consistent with the proposal that these genes act at the end of the pathway in the nucleus as part of a transcriptional reinforcement of Notch signaling, a hypothesis supported by data showing that large deletions of the E(spl) locus suppress the activated N phenotype (Lieber et al., 1993) .
3.2. E(spl) functions at dif,ferent stages of adult sensillum development Flies exposed to ectopic expression of E(spf)bHLH genes after the division (and therefore after the determination) of the SMC showed defects in accessory cell differentiation. This suggests to us that these genes also function at the second stage of sensillum formation when the two daughter cells of the SMC give rise to either the external cells of the bristle (tormogen and trichogen) or the internal cells (thecogen and neuron). That assertion is strengthened by a consideration of the phenotype of mosaic flies carrying patches of tissue homozygous for the 1Ckbp deletion E(.~pl)'~~~. In principle, it might be expected that the E(spl)bHLH genes act solely during SMC selection to restrict the number of cells that adopt the neural fate. This is the case in embryonic neurogenesis where reduction in the zygotic quotient of the E(spl)bHLH genes leads to neural hypertrophy (Delidakis et al., 1991; Schrons et al., 1992) . If the bHLH genes were required only for the first step in sensillum formation, one would expect to see an excess of macrochaetes and microchaetes in the clones of E(sp1) Bx22/E (spl) Bx22 cells, due to the specification of supernumerary SMCs which would then all develop into complete bristle organs. However, we instead observed areas devoid of the cuticular bristle apparatus and, underlying the cuticle, a greatly increased number of neurons (Fig. 6 ). The occurrence of large numbers of neurons (greater than the four lineage related cells of a single sensillum) in clusters suggests that at a prospective bristle site several SMCs have arisen, due to a failure in 'lateral inhibition' (Simpson, 1990) and that subsequently all or most of their progeny have developed as neurons.
It remains a formal possibility that the phenotype of the mosaic flies might be attributable to the loss of grouch0 which is also deleted in the E(spl) Bx22 chromosome. However, the grouch0 product is extremely stable, as measured both by antibody staining and by the late onset of phenotype of synthetic null mutations (Delidakis et al., 1991) and, therefore, it is less likely to contribute to the phenotype of the clones given their relatively short lifetime. We, therefore, assume that the E(spl)bHLH genes are additionally required during the sorting of cell fates amongst the progeny of the SMC to restrict the neuronal fate to only one of the four cells. Once again, this is consistent with a requirement for Notch and Delta function in both these processes (Hartenstein and Posakony, 1990; Parks and Muskavitch, 1993) : reduction in Notch or Delta function prior to SMC division (and restoration of function after division) produces supernumerary bristles whereas reduction in function after SMC division leads to all progeny of the SMC developing as neurons. Notch and Delta appear to mediate cellular communication which results in repression of the neural fate during singling out of the SMC and the bristle sensory neuron. The phenotype of clones homozygous for the E(sp1) Bx22 deletion is compatible with the phenotype of adults with reductions in neurogenic gene function. For example, deletion of the intracellular domain of N yields a dominant negative form whose expression in third instar larvae produces extra wing vein material ; the same phenotype we observe in the mosaic flies containing clones of cells homozygous for a small E(sp1) deficiency. The pleiotropic effects of the homozygous E(spl) Bx22 deletion in the adult (as well as the pleiotropic effect of ectopic expression of E(spl)bHLH genes) is also consistent with the involvement of all the neurogenic genes in a functional pathway required at many different instances of development.
3.3. The mechanism of function of E(spl)bHLH genes Models of neurogenic gene function have pointed out the opposite requirements between the neurogenic genes and the proneural genes (for example the genes of the achaete-scute complex), both for neuroblast formation and SMC determination. It has been proposed that the neurogenics antagonise proneural gene expression or function in cells of the proneural cluster except for the single cell within the cluster which gives rise to the bona fide precursor (Artavanis-Tsakonas and Simpson 1991). The explicit details of the models fall into two camps: (i) The 'lateral inhibition' model which proposes that the sensory precursor (neuroblast in the embryo or SMC in the imaginal epithelium) sends an inhibitory signal to surrounding cells prohibiting them from adopting the neural fate (Simpson, 1990) . (ii) The 'mutual inhibition' model proposes that all cells initially are inhibited from adopting the neural fate and the single sensory precursor escapes this inhibition, whilst the remaining cells do not (Goriely et al., 1991) . In both cases, the neurogenic genes Notch and Delta are thought to mediate the signaling processes at the cell surface with Delta acting as a ligand to the Notch receptor (Fehon et al., 1990) . Our data do not resolve the role of E(spl)bHLH genes with respect to lateral or mutual inhibition, but they do demonstrate that these genes are sufficient to inhibit the development and/or differentiation of neural precursor cells in an analogous fashion to Notch. Furthermore, since these genes are capable of binding DNA (Tietze et al. 1992 ) it suggests that they do so through transcriptional regulation. Indeed, we have shown that an early marker, AIOI, is repressed by E(spl)m8 expression; this might represent a direct effect or an indirect effect since Al01 expression also depends on the AS-C. The members of the AS-C all encode bHLH proteins which can act as transcriptional activators. It is, therefore, possible that the phenotypic effects we observed reflect a normal function for E(spl)bHLH genes in directly antagonising the AS-C, either through direct transcriptional repression or through acting as competitive inhibitors of AS-C bHLH proteins like the known inhibitor extramacrochaete which appears to Sequester AS-C bHLH proteins into inactive heterodimers (Van Doren et al., 1991) . Both models are consistent with the observed expression patterns of the E(spl)bHLH genes, which in the embryo are expressed in complementary non-neural ectodermal cells coincident with or immediately following neuroblast segregation Tata and Hartley, 1993;  Jennings et al., 1994) . Thus, these data, in particular the antibody stainings of Jennings et al. (1994) , demonstrate that E(spl)bHLH expression is excluded from the neuroblast which continues to accumulate high levels of AS-C proteins. Our data would predict that the consequence of this expression pattern would be to allow the neuroblast to develop the neural fate. The remaining cells, which increase in E(spl)bHLH expression as they decrease in AS-C expression, would be blocked from this differentiation by their gene expression. Presumably, a similar situation obtains during the formation of the bristle SMCs in the larval wing imaginal discs and the pupal notum. Indeed, the expression of the E(spl)bHLH genes has been examined in the larval wing imaginal disc and it appears to accumulate in the proneural clusters during differentiation of the SMC from the disc epithelium, although the resolution of these experiments is not at the single cell level (Hinz et al., 1994; Singson et al., 1994) .
If the E(spl)bHLH genes act through the repression or inactivation of the AS-C, then, upon initial inspection, it is hard to reconcile the phenotypes we have obtained with ectopic expression after determination of the SMC. However, the AS-C member asense, in contrast to the others (achaete, scute, and fethal ofscute) is expressed in the immediate progeny of the SMC and it has been shown that the level of expression of ase is important for the differentiation of some adult sensory organs (Dominguez and Campuzano, 1993) . Certainly the allele ase' produces similar defects in differentiation of the stout mechanosensory bristles of the wing margin (Dominguez and Campuzano, 1993) as those resulting from late ectopic expression of E(spl)m8. Also, ase has a proneural function in the development of abdominal bristles (Dominguez and Campuzano, 1993) ; so, in principle, repression of ase could account for some of the later phenotypic effects of E(spl)bHLH ectopic expression. Alternatively, these phenotypes might represent the result of ectopic expression attempting to maintain already differentiating cells in an 'uncommitted state', which thus interferes with their normal differentiation.
4. Materials and methods 4.1. Plasmid construction and germ-line transformation DNA fragments spanning the coding sequences of E(Spf)mS and m8 were amplified by PCR from cDNAs and cloned into pUAST (Brand and Perrimon, 1993) to create pUAS-m5 and pUAS-m8. The integrity of the coding sequences was confirmed by DNA sequencing (Sequenase, USB). Plasmid DNA was injected, together with the helper plasmid phsIIA2-3wc, into w"'~ embryos by standard means (Rubin and Spradling 1982) . Two transformant lines, UAS-m5 and UAS-m8, were obtained with the transgene on the second and third chromosome, respectively. With UASm8, the P element was mobilised by mating to w""; Sb e P[ry+ A2-31 and five independent transformant lines were established (no differences in phenotypes were observed between these lines).
Heat-shock treatments
To drive ectopic expression, the UAS-m5 or lines were mated to flies homozygous for a hsGAL4 transgene on the third chromosome (courtesy of Dr. A. Brand) and the resulting progeny were given heat pulses as described below. w1'18; hsGAL4/+ animals were used as controls. To obtain cohorts of third instar larvae of approximately the same age, flies were allowed to lay in bottles for two hours at 25°C. Larvae were aged relative to puparium formation which was assumed to occur 120 h after egg laying (checked by observing the actual time of puparium formation in control bottles). Larvae were heated by placing bottles in a 37°C water bath. To heat shock pupae at particular developmental stages, white prepupae (taken to be the zero time point of puparium formation) were picked out of bottles into microcentrifuge tubes and aged at 25°C. Tubes were placed in a thermal cycler and pupae given two heat shocks at 38°C for 45 min interrupted by a 90-min rest at 25°C. After heat shock, pupae were placed in vials at 25°C.
Mitotic recombination
The deletion allele E(~pl)~~~~ was recombined onto the right arm of a third chromosome bearing an FRT site at 82B, essentially as described by Xu and Rubin (1993) , to produce the following strain: w "I'; P[ry'; hsneo; FRTj82B, E(spl) Bx22/ TM6B which was then crossed to wI"~, hsFLP; P[ry+; hs-neo; FRT]82B, P[ry' w+]90E. To induce mitotic recombination, vials containing progeny from this cross were immersed in a water bath at 38°C for 60 min and then returned to 25°C for subsequent development 4.4. Immunohistochemistry Pupae were dissected in PBS and nota fixed in 4% paraformaldehyde in PBS for 15 min at room temperature and then rinsed four times in PBS, 0.3%Triton (PBT). After blocking in PBT, 3% goat serum for 10 min, samples were incubated with MAb 22C10 at 1:lOO in blocking buffer overnight at 4°C. Samples were washed four times in PBT for 10 min at room temperature, then incubated in HRP-conjugated Goat anti-Mouse IgG (Jackson Immunoresearch) at 1:125 in blocking buffer for 1 h at room temperature. Nota were washed four times in PBT, stained 5-15 min in 0.5 mg/ml diaminobenzidine, 0.03% H202 in PBS, then rinsed in PBS, dehydrated through an ethanol series and mounted in methacrylate (JB-4, Polysciences).
X-gal staining
The neuralised enhancer trap line A IO1 was a gift from R. Whittle. Pupae were dissected in PBS and nota fixed for 15 min in 4% paraformaldehyde in PBS. After rinsing in PBS, nota were incubated at 37" for 3 h in a staining solution containing 5 mM K, [FeII(CN6) 
